Marker methods are needed for estimating fecal output by grazing animals in studies of nutrition and environmental impact. In addition, estimates of prefecal mass and turnover time are relevant to exercise performance and certain digestive disorders. As a first step in developing marker methods for field use, a chromic oxide model of fecal kinetics was developed and tested in the context of a digestion balance experiment with stall-fed horses. The model consists of removal of feces at a constant rate from a single compartment, the prefecal mass. Four horses were fed hay, and another four were fed hay and concentrate. Balance-marker experiments were conducted for 10 d, following 7 d of adaptation. A dose of chromic oxide mixed in chopped hay and molasses was administered from a nose bag at 0700 daily for 10 d. Dry matter and Cr were measured in feeds and feces. Fecal Cr concentration (C, mg/kg DM) varied during the day, so data from total daily collections were used for model development. These fecal Cr data ( C t ) at time t (days) were fitted to a single exponential, with one rate constant (k), rising to an asymptote ( C a ) : C t = C a − C a ·e −kt . Superior fits were obtained when a delay ( d) was introduced between the pulse oral dose and the entry of marker into the prefecal pool: C t = C a − C a ·e −k( t−d) . Using pooled data, delays of 2.7 and 2.0 h gave best fits (highest estimates of R 2 ) for pooled data from horses fed hay or hay plus concentrate, respectively. The model generated estimates of 3.4 and 3.8 kg/d of DM for fecal outputs (dose/C a ) of horses fed hay or hay and concentrate, respectively. The rate constants yielded turnover times (1/k) of 33 and 18 h, and prefecal masses [(dose/C a )/k] of 4.6 and 2.9 kg of DM for hay or hay and concentrate groups, respectively. Using data from individual horses, mean estimates for each diet were similar to corresponding values for the pooled data. In balance experiments, feces collected were 3.7 and 4.4 kg/d, and Cr recoveries were 108 and 115% dose for the hay and hay plus concentrate diets, respectively. Marker estimates ( M ) were correlated with total collection estimates ( T ) of fecal output [M = T(.890 ± .045); r = .70, P = .041]. Adjusting for recovery improved the regression coefficient to 1.009 ± .028 ( r = .87, P = .002). The findings suggest that if Cr doses are more frequent than daily and if Cr inputs other than dose can be eliminated this method should give accurate and precise estimates of fecal output.
Introduction
The fecal output of grazing animals is relevant to environmental contamination, feed intake, digestibility, water balance, power:weight ratio and exercise performance, and certain digestive disorders (Martin et al., 1989; Oldham and Tamminga, 1995; Kronfeld, 1996) . Fecal kinetics can be represented as a simple model, the removal of feces at a constant rate from a thoroughly mixing prefecal mass or compartment, and quantified by markers or tracers. Following the administration of a known dose of a marker or tracer into a system, a series of samples is taken, the temporal response of the marker concentration is observed, and the data are subjected to mathematical analysis (Brownell et al., 1968) . The flow rate of the marked material can be calculated from the magnitude of the response (noncompartmental analysis). In addition, rate constant(s), hence turnover time(s) (AOAC, 1990) ; ADF and NDF (Robertson and Van Soest, 1977) ; chromium (Sandel, 1959) . b The concentrate was Pure Pride 200 (Purina Mills, St Louis, MO).
c H&C = hay and concentrate, a weighted average of hay:concentrate, 7:3.
d Mean ± SE, n = 4. e NSC = nonstructural carbohydrate estimated by difference: NSC = 100 − ( % CP + % Ash + % ether extract + % NDF). and exchanging mass(es) or compartment size(s), can be calculated from the shape of the response (compartmental analysis). Noncompartmental and compartmental analysis have been applied to marker studies in ruminants and horses (Blaxter et al., 1956; Grovum and Williams, 1973; Orton et al., 1985; Pond et al., 1988; Bertone et al., 1989) . Our objective was to develop a simple, convenient, and mathematically correct method for estimating fecal kinetics in grazing animals, and the first step involved the testing of a marker model in the context of a digestion balance experiment done on stall-fed horses.
Materials and Methods
Eight Thoroughbred horses, aged 2 to 10 yr, were housed in 14-m 2 box stalls with sealed cinder block walls and asphalt floors and were hand-walked daily for 15 min to provide limited exercise. Four horses were fed a mixture of orchardgrass and alfalfa hay ( HAY) , at a rate of 2% of BW per day. The other four were fed the same hay plus 3.0 kg/d of pelleted concentrate ( H&C; PurePride 200, Purina Mills, St. Louis, MO that contained processed grain by-products, grain products, roughage products, molasses products, calcium carbonate, and salt). Feeds were offered at 0700 and 1600. Orts were collected and weighed each morning. Horses were adapted to the diets for 7 d, after which combined balance and marker experiments were conducted for 10 d.
Feed samples were taken every second day for 10 d. They were weighed, dried, and combined, and duplicate samples were submitted to the Virginia Tech Forage Testing Laboratory, which follows standard procedures (Robertson and Van Soest, 1977; AOAC, 1990) , for analysis of CP, ether extract ( EE) , ash, ADF, and NDF (Table 1) . Assays of NDF in the concentrate were not repeatable, so concentrate NDF was calculated from ADF using an equation based on data for barley, corn, oats, wheat, and soybean meal (NRC, 1989) : NDF = 6.81 + 1.15 × ADF (SE = 2.11; r 2 = .81, P = .014). Then the NDF for H&C was calculated as a weighted average. Nonstructural carbohydrate ( NSC) was calculated by difference: NSC = 100 − %CP − %EE − %NDF − %ash. The marker, 27.4 g of Cr in the form of 40 g of Cr 2 O 3 (Chromic Oxide Sesqui; Fisher Scientific, Fair Lawn, NJ), was thoroughly mixed into 310 g of the hay (chopped to 2 cm) and molasses mixture. This mixture was offered in a nose bag and completely consumed immediately before the morning feed was offered.
Feces were collected every 2 h, and each day's output was weighed and mixed thoroughly. A representative daily sample (10% of wet weight) was dried in a forced-air oven. On the last day, diurnal fecal samples were collected at 0600, 1200, 1800, and 2400 from two horses in each group. These daily and diurnal fecal samples were used for Cr analysis (see below). Dried fecal samples were pooled for the 10 d and duplicate samples were submitted for analysis by the Virginia Tech Forage Testing Laboratory (Robertson and Van Soest, 1977; AOAC, 1990) .
For Cr analysis, fecal samples were collected as above. Also, samples of the hay, concentrate, and Cr 2 O 3 mixture were collected every 2nd d and were weighed and dried. All samples were ground to pass a .5-mm screen in a Cyclone Mill (UDY Corporation, Fort Collins, CO) and analyzed for Cr by atomic absorption spectrophotometry using an air-acetylene flame after digestion with nitric and perchloric acids (Sandel, 1959) . Two dilutions of each Cr sample were analyzed in duplicate, and five dilutions of a standard solution of potassium dichromate were used for calibration.
Digestible DM ( D, % ) was calculated from the balance data for daily intake ( I, kg of DM) and daily fecal output ( FO, kg of DM):
Digestibilities of CP, EE, ash, NSC, NDF, and ADF were calculated similarly from the balance data.
Fecal Cr concentrations ( C t , mg/kg DM) at time t (days) were analyzed separately for each horse (labeled A through H ) and pooled for those fed HAY ( A through D ) or H&C ( E through H). The pooled data were used for the initial model development, in which the C t data were fitted to a monoexponential rising to an asymptote ( C a ) , C t = C a − C a ·e −kt using a graphics and curve-fitting program (SlideWrite Plus 3.0 for Windows, Advanced Graphics Software, Carlsbad, CA). Estimates of C a were used to calculate daily fecal output ( FO, kg/d):
The rate constant (k, d −1 ) was used to calculate its reciprocal, the turnover time ( TT, d), and hence to calculate the compartment size or prefecal mass ( PFM, kg):
This equation defines the PFM in terms of tracer kinetics (rather than as any mass defined by anatomical location, although the PFM probably resides partly or entirely in the large bowel).
Further development of the model concerned the delay between oral administration of marker and its entry into the PFM (Figure 1 ), following procedures for tracer kinetics (Brownell et al., 1968; Kronfeld and Ramberg, 1981) . Then the model was applied to the separate data for each horse. Data and model parameters were summarized as means and standard errors. Effects of diets were compared by nonpaired ttests.
Results
Balance Experiments. Mean intake of DM was 18% greater and mean fecal output was 20% greater for horses in the H&C group than for those in the HAY group (Table 2) . When expressed per unit of BW, however, no differences between HAY and H&C groups were found for DM intake or fecal output. Apparent digestibility of DM was unchanged by diet, but it was higher for NSC and lower for NDF in horses fed concentrate (Table 3 ). Fecal DM expressed as a percentage of wet weight was 18.5 ± .59% in the HAY group and 21.9 ± .82% in the H&C group ( P = .003); corresponding fecal wet weights were 19.9 ± 1.14 and 20.2 ± 1.09 kg/d.
The Cr provided was .153 ± .094 g/d in HAY, .116 ± .058 g/d in H&C, and .557 ± .003 g/d in the marker carrier in addition to the 27.4-g dose. Thus, the mean daily dose of Cr was 28.11 g for HAY and 28.07 g for H&C, and these estimates of Cr dose were used instead of 27.4 g in the kinetic analysis. Fecal Cr concentrations on the last day in four horses were 10.35 ± 2.72, 2.65 ± 1.21, 1.07 ± .34, and 8.34 ± 1.49 mg/kg of DM at 0600, 1200, 1800, and 2400, respectively.
Model Development. In the marker experiments, mean C t for the HAY group and for the H&C group on each day in the 10-d balance experiment were fitted to monoexponential curves rising to asymptotic values (Figure 2 ). Agreement between observed and predicted values was good; the R 2 were .93 and .87, and the F-values were 140 and 68 ( P < .001) for HAY and H&C, respectively.
The delay (Figure 1 ) was represented by a separate compartment, and the C t data were fitted to an equation with two exponential terms. Adjusted R 2 decreased from .93 and .87 to .90 and .84 for HAY and H&C, respectively; corresponding F-values declined from 140 and 69 to 32 and 19. The standard errors were larger than the means of parameters in the (Figure 2 ) to a one-compartment model (Figure 1) second term (data not shown). Hence, these data did not support a two-compartment model (Brownell et al., 1968) , such as those proposed for sheep and horses (Blaxter et al., 1956; Grovum and Williams, 1973; Bertone et al., 1989) . The delay ( d, d ) was then represented by a decrease in time ( t) in the monoexponential equation: Table 4 .
Individual Data. The C t data for individual horses were fitted to the exponential model with or without the delay. In each case, inclusion of the delay conferred a slight advantage in regard to R 2 and F (Table 5) , although the differences between mean estimates of C a and k with or without the delay were less than one SE (data not shown). Similarly, approximations of C a calculated as the mean C t for the last 5 d of marker administration were 96.4 ± 1.8% of the true C a and were within one SE of the mean C a . Estimates of FO, TT, and PFM using the delay model (Figure 1 ) are summarized in Table 6 . Fecal output was unchanged by diet, but TT and PFM were approximately halved by the H&C diet.
Comparing the marker data to corresponding collection data, fecal outputs using the external marker were correlated with corresponding measures by collection (Figure 3a) . The fecal recoveries of Cr based on C a and total collections of feces were 108 ± 5% and 115 ± 5% for HAY and H&C diets, respectively. Adjusted estimates of FO calculated from Cr recovery, instead of dose (Blaxter et al., 1956; Titgemeyer, 1997) , were closely related to total collections ( Figure  3b ).
Discussion
The results indicate that a one-compartment model can be used to represent fecal kinetics in horses. In addition, the findings suggest ways of improving data Table 5 . Fits of data to a one-compartment model of fecal kinetics with and without a delay between administration of an oral dose of Cr and its entry into the compartment (Figure 1 ) in trials on eight horses a Delay was 2.69 h for horses fed hay ( A to D ) and 2.00 h for horses fed hay and concentrate ( E to H). b Pooled data as in Figure 2 . Balance Experiment. Apparent digestibility of DM was not improved by replacing hay with concentrate, which reduced ADF content by 19%. Because digestibility is usually increased by a reduction in dietary fiber, this result was surprising. Increased digestibility of NSC, which occurs mainly in the small intestine, was counteracted by decreased digestibility of fiber, which occurs mainly in the large intestine and was probably impaired by the decreased time allowed for fermentation of H&C (Van Soest, 1977) . Feces were approximately 2% drier for the H&C diet, probably because the feces contained less fiber, which binds water. The 79% coefficient of variation in fecal Cr concentration during the day confirmed previous findings in horses (Haenlein et al., 1966) . This variation emphasized the need for thorough mixing of the 24-h output in the present experiment and the need for more frequent dosing in field studies using grab samples.
Marker Experiment. The one-compartment model applies calculations more widely applied to tracer-and indicator-dilution than to marker experiments (Kronfeld and Ramberg, 1981; Merchen, 1988) . It yielded good fits to the data. Previous studies of twocompartment systems in sheep, cattle, and horses have combined marker methods for estimating transit time and mean retention time with kinetic estimates of rate constants and, in some models, an agedependent (time-dependent) rate function that substitutes for one rate constant (Blaxter et al., 1956; Grover and Williams, 1973; Pond et al., 1988; Bertone et al., 1989) . In most cases, SE of rate constants (or functions) have not been published, and in others large SE relative to k values have not led to model rejection. In our model development, a two-compartment model was rejected, mainly because estimated SE were greater than corresponding parameter estimates for the second compartment. Relatively large SE may devolve from insufficient or imprecise data. Alternatively, failure to determine a second mixing compartment may reflect the simpler digestive tract of horses. The rumen-reticulum, which serves as an initial mixing chamber and which complicates kinetic analysis in ruminants, is absent in horses. The delay in the equine one-compartment model represents movement of the oral dose of marker to the PFM with no appreciable mixing. The consistent improvement in fits of the data supports the need for introducing the delay into the model.
In a typical tracer dilution experiment on a system in a steady state, the transport or flow rate is measured as a function of the magnitude of the temporal response, which is the integral of the tracer concentration in the sampled compartment as it changes with time (Brownell et al., 1968; Kronfeld and Ramberg, 1981) . This magnitude can be calculated as the area subtended by the time-concentration curve following a pulse dose of tracer, or as the asymptotic concentration during a continuous infusion, the latter being the convolution integral of the former (Meier and Zierler, 1954) . The area under the curve can be calculated from an exponential equation, approximated algebraically (Galyean, 1993) , measured with a planimeter, or determined gravimetrically. The asymptotic concentration during a continuous administration can be calculated precisely from an equation, as here, or be approximated as an average plateau value (Merchen, 1988; Cuddeford and Hughes, 1990) . In compartmental analysis (Brownell et al., 1968) , additional information on the structure of the system is obtained from the shape of the temporal response by analyzing the whole curve and determining the rate constant(s), which can be used to calculate the turnover time and mixing mass or compartment size, as in the present model (Figure 1 , Table 4 ).
The main assumption in the model is that chromic oxide particles are mixing thoroughly in a prefecal mass of material, which consists of water with potentially dissolved or suspended DM, from which the feces are removed and represent samples. The PFM probably resides mainly in the large bowel, but it was defined above in terms of the method of its determination (marker dilution) and does not necessarily coincide exactly with the contents of the cecum and large colon, which range from 3 to 7 kg of DM in horses (Alexander, 1972; Bertone et al., 1989) . Note that this model assumes that the chromic oxide is not mixing in the delay component, which lies between the mouth and the PFM. In contrast, thorough mixing of the marker throughout the contents of the small intestine would be necessary for the estimation of digestibility and would probably call for an even distribution of the marker throughout the feed, for example, by mordanting Cr to fiber (Uden et al., 1980) . The flow of digesta has been differentiated into a two-phase system, particulate and fluid (Faichney, 1975) . This partition is an approximation because particles of different sizes and fluid at different sites (e.g., close to or far from the gut wall) probably flow and mix at different rates. Chromic oxide forms small insoluble particles that may not flow like any other particulate species but are recovered as DM in the feces, so Cr has been regarded as a tracer or marker of prefecal and fecal DM in this model. The term marker may be preferred because Cr is not strictly a tracer, as usually defined (Brownell et al., 1968) , of the nonhomogeneous DM in this system. Typical methods of tracer kinetics have been used to build this model, however, rather than simpler marker calculations commonly used in animal nutrition (Merchen, 1988) . Chromic oxide was selected in part because it was the least expensive of likely external markers, and this method is being developed for eventual use on large numbers of grazing animals, so cost, convenience, and safety were considered.
Chromic oxide was used previously to estimate mean retention time, 38 h, in horses fed alfalfa hay (Vander Noot et al., 1967) . Estimates of mean retention time of particles from hay using other markers have ranged from 23 to 36 h (reviewed by Orton et al., 1985) . Similar estimates for mixtures of hay and concentrates have ranged from 23 to 33 h. Estimation of mean retention time has usually been based on marker appearance in feces (following Blaxter et al., 1956) , and this estimate corresponds approximately to the delay plus turnover time in the present model, which would total 20 h for H&C and 35 h for HAY. The reduced time available for fermentation probably contributed to the decrease in apparent digestibilities of NDF and ADF in horses fed H&C compared with those fed HAY.
The differences in PFM between the HAY and H&C diets, 1.76 kg DM for the pooled data and 3.01 kg DM in the individual horses, are approximately one-fifth to one-tenth of corresponding wet weights, 10 to 30 kg, of material residing presumably mainly in the large bowel. The impact of such a weight difference, 2 to 6% of BW, on the competitive performance of a sporting or recreational horse would be substantial, especially because such a horse would likely be consuming two to three times its maintenance requirements, and the dead weight of bowel contents would be commensurately higher (Kronfeld, 1996) .
The estimated recovery of daily Cr output was approximately 3.3 g, or 12% higher than the known daily Cr intake. A possible extra source of Cr would be coprophagy, which would tend to increase C t but also to decrease FO, so that the calculated recovery of Cr in the feces may not be affected. The water was assayed for 26 minerals by the university's Facilities Department, and the Cr concentration was reported as < .01 mg/mL. The excess Cr recovery would have required a Cr concentration of nearly 120 mg/mL in 30 L of water intake, so the water does not seem to be its source.
The model estimates of FO correlated with collection estimates, and the coefficient of .89 reflects the higher C a than would be expected from the recovery. When the dose is adjusted for the recovery, then the correlation is improved and the mean marker estimate equals the mean collection estimate of FO. This result suggests that if extraneous sources of Cr can be eliminated the present model should yield accurate and precise estimates of FO. The diurnal variation of C t suggests that a more frequent dosage of Cr would be necessary for application of the marker method in the field, where only a series of grab samples of feces would be available.
Implications
A simple model of fecal kinetics using chromic oxide as a marker was developed and tested in stall-fed horses. The results suggest ways to improve this approach for use in grazing animals. The method also allows estimation of a prefecal mass and its turnover time, which could be relevant to exercise performance.
